Erbium ͑Er͒ codoping with oxygen ͑O͒ in Si is a well-known method for producing electroluminescent material radiating at 1.54 m through a 4f shell transition of Er 3+ ions. In this work the influence of exposure to 980 nm radiation on the electroluminescence ͑EL͒ of reverse biased Si:Er/O light-emitting diodes ͑LEDs͒, which give a strong room temperature 1.54 m intensity, is presented and discussed. All the device layers, including Er/O doped Si sandwiched between two Si 0.82 Ge 0.18 layers, have been grown on silicon on insulator substrates using molecular beam epitaxy and processed to fabricate edge emitting Si:Er/O waveguide LEDs. Electromagnetic mode confinement simulations have been performed to optimize the layer parameters for waveguiding. The temperature dependence of the 1.54 m EL intensity exhibits an abnormal temperature quenching with a peak near −30°C, and at −160°C it has decreased by a factor of 5. However, irradiating the devices with a 980 nm laser gives an enhancement of the 1.54 m EL intensity, which is more dramatic at low temperatures ͑e.g., −200°C͒ where the quenched EL signal is increased up to almost the same level as at room temperature. The enhancement of the EL intensity is attributed to the photocurrent generated by the 980 nm laser, reducing the detrimental avalanche current.
I. INTRODUCTION
There has been a large increase in activity in the field of Si photonics in the current decade for making Si emit light more efficiently in connection with the potential for accomplishing the communication demands of the future era. The major driving force behind the attempts of obtaining silicon light emitters is to fabricate a strong light source ͑laser͒ based on Si to integrate it with other Si based optical and electrical components for realizing optical communication. 1 Despite the fact that Si is capable of modulating and detecting light, obtaining optical gain or lasing in Si is still one of the fundamental challenges in the field of Si photonics because bulk Si is an indirect bandgap semiconductor material. In order to resolve this technical inability of Si, several approaches have been investigated. Light emission from Si, although with very low intensity compared to III-V materials, has been realized through different ways; particularly a great amount of work has been done on optically active doping of Er into the Si matrix for light emission. Nevertheless the work on Si based optical devices has taken an increased pace in the present decade. Two of the significant accomplishments in that respect include the demonstration of a continuous-wave Raman Si laser 2, 3 and a hybrid silicon laser. 4 However both of these are based on indirect approaches that involve certain limitations. The direct approach of obtaining an electrically pumped fully Si based gain element has yet to be realized. One of the direct and fundamental approaches include Er and O doped epitaxially grown Si layers to fabricate LEDs, which may be used to design an electrically pumped Si laser. The role of O codoping is to enhance the solid solubility limit of Er in Si, as well as to improve the formation of optically active Er/O centers in Si and thus increase the luminescence. [5] [6] [7] The rare earth element Er in its Er 3+ state can give a very useful radiation of 1.54 m wavelength from the intra-4f shell transition between the first excited state 4 I 13/2 and the ground state 4 I 15/2 . [8] [9] [10] The importance of this wavelength is due to the fact that it falls in the minimum loss window of transmission in optical fibers. Furthermore, the Si:Er/O material system can be integrated with the devices manufactured by the well established Si process technology. Si:Er/O light-emitting diodes ͑LEDs͒ emitting 1.54 m light have been extensively studied over a period of time, [11] [12] [13] [14] [15] [16] [17] e.g., to understand the mechanism of Er 3+ excitation for improving the efficiency of these devices. Unlike III-V LEDs, Si:Er/O LEDs are preferentially operated in reverse bias condition because it is well known that the hot electron impact excitation of Er ions in the reverse breakdown region is much more efficient as compared to Er 3+ excitation via electron hole recombination in forward bias. 14, 15 One of the key issues in these devices is the response of their electroluminescence ͑EL͒ to temperature. Initially there were reports on strong low temperature EL that quenches drastically with increasing temperature, particularly at room temperature. [12] [13] [14] Later on there have also been reports on successful room temperature EL of Si:Er/O LEDs under reverse bias but with a significant decrease of intensity with decreasing temperature. [18] [19] [20] This phenomenon is referred to as the abnormal temperature quenching of the EL and it has been attributed in one way or another to the reverse breakdown mechanism of diodes. 18, 21 In the present paper, studies of the influence of 980 nm laser irradiation on the luminescence characteristics of Si:Er/O light-emitting structures grown on silicon on insula- 
II. EXPERIMENTAL DETAILS
The light-emitting device structures were epitaxially grown using a VG V80 molecular beam epitaxy ͑MBE͒ system for the purpose of getting a light-emitting waveguide structure on SOI substrates. The SOI wafers used contained a 400 nm thick SiO 2 layer on a Si substrate covered by an 80 nm thick Si ͑100͒ single crystal. After performing the usual in situ high temperature ͑820°C͒ cleaning step, a 250 nm thick Si buffer layer was grown, followed by a 150 nm thick p + -Si layer with a boron ͑B͒ concentration of 1 ϫ 10 19 cm −3 . After that a p + -SiGe layer with 18% Ge and the same B concentration was grown, which also served as p-contact layer. Then a 25 nm thick layer of i-Si was grown before the 150 nm thick active layer of Er/O doped Si. A schematic picture of the device layers is shown in Fig. 1͑a͒ . For O doping we used a background pressure of O gas controlled by a mass spectrometer. The function of the p + -SiGe layer and the intrinsic layer is related to the hot electron impact excitation of Er 3+ ions under reverse bias, as explained in more detail in Refs. 22 and 23 where Si:Er/O light emitters working on the same principle were described. However, unlike in Refs. 22 and 23, in the present devices a cap layer of i-Si was also grown before the n + ͑Sb͒ doped contact layer for optical mode confinement purposes.
The future goal regarding these devices is to fabricate a cavity for obtaining an electrically pumped Si laser. Therefore, 1.5 mm long mesas with two different widths of 75 and 100 m were designed. One important issue when producing a cavity is the confinement of optical modes. Several factors influence the mode confinement, e.g., the size of the cavity, spacer layer thickness, SiGe layers, etc. However the fact that the device layers are grown on SOI itself is a crucial factor for mode confinement. Simulations were performed for the 1.54 m optical mode confinement using the software called FEMLAB, and the device structure parameters were optimized. Figure 1͑b͒ shows schematically one optimized structure with the optical mode confined at the active layer. By choosing two SiGe layers of different layer thicknesses ͑70 and 130 nm͒, sandwiching the active layer, we could increase the magnitude of mode intensity confined in the active layer, which can be seen in the intensity profile taken across the device in Fig. 1͑b͒ . It is well known that metal and, to some extent, highly doped layers are detrimental for the mode confinement, which is why an intrinsic Si spacer layer is needed to separate the contact metal from the active layer. From simulations it is realized that a spacer layer of Ͼ1 m thickness would lead to the 1.54 m optical modes successfully confined at the active layer. The metal ͑Al͒ layer was modified to be 5 m wide stripes with 0.3 m deep and 5 m wide trenches in between, along the 1.5 mm length of the devices, which improved the conditions by forcing the modes away from the metal contact. This design also allows measurements of light emission from the surface of the devices as well as possibilities for studying the influence of optical pumping on the device characteristics.
Due to the fact that the structures are grown on SOI substrates, the device processing is more demanding as compared to the previously studied structures on Si. In the SOI case one must take both the n-and p-contacts from the top, hence we need to fabricate mesas with sides etched precisely down to the p + -SiGe layer. One advantage in this regard was that the p + -SiGe also serves as an etch stop during wet etching with KOH solution. Using conventional photolithography with multiple masks we fabricated 1.5 mm long mesas with two different widths of 75 and 100 m. Figure 1͑c͒ shows top view images taken by optical microscope of a set of devices after all the processing steps.
EL measurements were performed using a conventional lock-in technique, with devices operated in reverse bias and using a Ge detector to detect the emitted light in the edge emission geometry. Measurements included EL spectra, EL intensity versus current, EL versus temperature, etc., for both surface emission and edge emission. In order to study the influence of the 980 nm laser on the luminescence properties of these devices, the EL setup was complemented with the possibility to expose the devices to laser radiation. The measurements include studies of the influence of both a 980 and a 1064 nm laser incident on the device surface from top on the edge emitted EL versus reverse current at different temperatures. SIMS measurements were performed to determine the concentrations of Er, O, Ge, B, and Sb in the grown device structures.
III. RESULTS AND DISCUSSION
The devices presented were aimed at having tunneling breakdown behavior at room temperature as they were operated at reverse biased breakdown conditions. However, at lower temperatures and high bias there was a gradual onset of avalanche breakdown that was evident from the temperature response of the electrical properties. Nevertheless, strong EL intensity at 1.54 m, coming from the intra-4f shell transition of Er 3+ ions in the silicon matrix, is observed in these devices. A typical EL spectrum, taken at room temperature in edge emission geometry, is shown in Fig. 2 for 3 mA driving current. The spectrum shows a sharp peak at 1.54 m and a fairly low broadband emission, e.g., compared to previous samples grown on Si substrates.
The EL intensity at 1.54 m versus temperature for different reverse currents is shown in Fig. 3 , covering a temperature range between room temperature and −160°C. An abnormal temperature quenching of the 1.54 m EL intensity of Er 3+ is observed with a peak near −30°C depending on the drive current, and a four to five times decrease from the peak value to −160°C. The IV curves, not shown here, revealed the tunneling type of breakdown at higher temperatures and avalanche breakdown at low temperatures. Similar as in Ref. 18 this temperature quenching is attributed to the type of breakdown mechanism that is generating the reverse current, with a crossover from tunneling dominated region at higher temperatures to an avalanche dominated region at low temperatures. In this study as well as in Ref. 18 the devices have a tunneling diode design with an electron injector layer of SiGe, and they operate in reverse bias where the electrical pumping is realized by hot electron impact excitation of the Er 3+ ions by the tunneled electrons. Based on this description it is reasonable to state that in these particular devices, the larger is the contribution of tunneling current to the total reverse current, the more Er 3+ ions are excited, leading to a higher EL intensity. In contrast, low energy electrons generated in avalanche breakdown have a relatively lower probability of exciting Er 3+ ions. There is also an enhancement of competing nonradiative Auger de-excitation processes due to the presence of larger number of low energy carriers generated during the ionization process, hence giving a low EL intensity.
Shmagin et al. 21 also reported anomalous temperature dependence and they associated it with the changes in the uniformity of the p-n junction breakdown. However, first their diodes have a slightly different layer structure compared to our structures, and second they connected the temperature quenching of EL with the inhomogeneity increase in the current flow across the junction at breakdown, based on the visible light distribution observed in an optical microscope. In contrast to that, in our case the visible part of the broad background emission was very weak and without bright spots. Hence our devices might not exhibit the filament model presented by Shmagin et al. 21 In addition to that, the measurements of the influence of 980 nm laser irradiation on the luminescence of our devices support the connection of abnormal temperature quenching with the crossover from tunneling to avalanche breakdown regime.
The concentrations of Er and O play an important role for the EL intensity at 1.54 m from Si:Er/O LEDs. Detailed studies about the influence of Er and O concentrations, measured by SIMS, on EL properties of Si:Er/O devices have been made, some results of which have been reported elsewhere. 23 In Fig. 4 we have replotted the Er and O concentration information of Fig. 3͑a͒ in Ref. 23 showing the earlier grown samples A, B, C, D, and E together with two of the recently grown Si:Er/O waveguide LED structures on SOI samples F and G. All the samples shown were also studied using TEM for microstructure analysis. As was reported in Ref. 23 , samples with Er and O concentrations below the dotted curve in Fig. 4 grown samples presented in this report are within the region of planar precipitates, which was confirmed with cross section scanning TEM ͑STEM͒ analysis. An overview of the grown layers in samples F and G, obtained by Z-contrast STEM, is shown in Fig. 5 . All the layers are labeled accordingly in the micrographs, particularly the active layer of Si:Er/O sandwiched between two brighter contrast layers of SiGe. From the micrographs we can see that the growth of the layers was successfully performed on SOI based on the structural quality. The roughness in the upper SiGe layer in sample F is a consequence of faceted growth, mainly due to O, of the Er/O doped Si layer below it. On the other hand, sample G with a relatively lower doping level of O and Er does not show any sign of roughness in the second SiGe layer. This is an issue of concern for waveguiding cavities because roughness/defects may increase the light scattering losses. Nevertheless, devices fabricated from both the samples give a strong EL intensity at 1.54 m. The roughness at the top of the n + -Si contact layer in both samples is due to stacking faults introduced by Sb doping, which are presently difficult to avoid but they are not detrimental. Lattice resolution images obtained ͑not shown here͒ at different interfaces including the SOI wafer and buffer layer interface showed continuous crystal epitaxy across all grown interfaces.
It is well known for Er doped fiber amplifiers that optical pumping with 980 nm light is quite efficient as this corresponds to excitation of the Er ions to the second excited level; 24 therefore we used a strong 980 nm laser to study any possibility of optical pumping in these structures together with electrical pumping. Here it is important to mention that all the measured devices have almost 50% of the device surface open for the incident light ͓inset in Fig. 1͑c͔͒ . When these devices were exposed to continuous 980 nm laser light, while they were operated in the reverse biased condition in pulsed mode, there were interesting changes in the EL intensity at 1.54 m. Figure 6 shows the EL intensity versus current of a Si:Er/O waveguide LED on SOI measured in the edge emission geometry at three different temperatures ͑at 25, −80, and −200°C͒ for conditions with and without the 980 nm laser incident on the device from top.
With increasing drive current, the EL intensity increases and starts to saturate, which is a typical feature of Si:Er/O LEDs. The intensity drops as the temperature is lowered in the cases of no laser incident ͑all filled symbols in Fig. 6͒ . This demonstrates the abnormal temperature quenching of EL, as shown earlier in Fig. 3 . However there is an enhancement of the intensity when the laser is on, for all three temperatures ͑all open symbols in Fig. 6͒ . This enhancement is smallest at room temperature ͑from the filled circles to open circles͒ and is most dramatic at the lowest temperature ͑from the filled triangles to open triangles͒. For example, at −200°C there is an increase in the EL with a factor in the range of 1.5-8 depending on the current, when the laser illuminates the sample surface. The largest effect occurs at low currents. In the high current range, the EL͑I͒ curves at all temperatures, for the laser on, are not very different from those at room temperature level without the laser.
In the case of 980 nm laser light incident on these devices without any bias, there was no photoluminescence observed at 1.54 m using lock in measurements. A dc voltage was also applied during photoluminescence measurements but there was still negligible intensity. Therefore optical pumping of Er 3+ ions cannot be the reason for the strong EL enhancement when the 980 nm radiation is incident on our devices. In order to confirm this further, we have also studied the influence of laser light with a wavelength of 1064 nm, which is nonresonant with Er 3+ energy levels, on the EL properties. The influence of 1064 nm radiation on the EL of the same devices was identical to that of the 980 nm radiation, with no sign of direct excitation of Er during photoluminescence ͑PL͒ but a significant enhancement of the 1.54 m EL intensity at low temperatures when the 1064 nm laser was on.
PL measurements on these layered structures were also performed with a more sensitive setup, at 2.5 K using a highpower 980 nm laser line for excitation. The results of such measurements also did not reveal any Er 3+ related emission. This indicates that excitation to the second excited state of Er 3+ ions, which is above Si bandgap, is not an efficient way to generate 1.54 m radiation in the present structures.
Based on the current experimental results we propose that the EL enhancements due to the 980 and 1064 nm laser irradiations are due to the optically generated carriers leading to an additional contribution to the total reverse current. Figure 7 shows IV curves recorded at −200°C under the same conditions as in Fig. 6 , with a comparison between the IV curves with laser on ͑dashed curve͒ and without the laser on ͑solid curve͒. It is quite evident that the IV curve with the 980 nm laser on shows some extra current in the whole range. At very low applied reverse bias voltages, e.g., at 2.5 V, the current with laser on is ten times higher. We argue that, due to the extra contribution of photocurrent, the contribution of the reverse current generated by avalanche mechanism, which is detrimental for EL, is to some extent reduced. The optically generated electrons acquire kinetic energy in the reverse field, just like the tunneled electrons, and become a source of Er 3+ excitation as well. This phenomenon is also revealed as a threshold behavior in the EL͑I͒ curves, when the 980 nm laser is on, at very low currents ͑open symbols in the inset of Fig. 6͒ . Consequently the overall EL intensity is enhanced due to the 980 nm laser incident on these devices.
It is important to mention that there is also a heating effect due to the high-power 980 nm laser, which would lead to an increase in the EL at low temperatures. However, careful temperature measurements of wafers in similar experimental conditions revealed that the temperature increase by the laser is not more than ϳ25°C. Moreover the EL versus temperature curves of Fig. 3 show a rapid decrease in the EL intensity with increased temperature above ϳ−30°C, whereas in the case of laser on at room temperature there is an enhancement in EL, most evidently at high currents ͑Ͼ3 mA͒.
Comparison of EL͑I͒ curves, at different temperatures, in the case of the 980 nm laser incident ͑all open symbols in Fig. 6͒ revealed a crossover between the curves around 3 mA. At lower currents the room temperature EL͑I͒ curve is below the EL͑I͒ curve of −200°C, which is a similar trend as normal temperature quenching, whereas above 3 mA, the −200°C EL͑I͒ curve is the lowest, which is qualitatively similar as the abnormal temperature quenching. This behavior can be attributed to a relative increase in avalanche current at higher applied reverse bias. Although increasing the applied bias leads to the planned electron tunneling at the narrow part of SiGe bandgap, the possibility of avalanche breakdown is also enhanced. It is known that generation of avalanche current is a consequence of the multiple interband excitations, which more easily takes place at lower temperatures. Therefore the EL͑I͒ curves in Fig. 6 for laser on reveal a crossover at higher bias conditions to a region where the EL͑I͒ curve of −200°C is lowest among the three curves. Nevertheless the intensity level for all temperatures is still higher as compared to the case with laser off. In conclusion we can say that the 980 nm laser helps to a large extent in recovering the quenched EL intensity at low temperatures in our devices, through changes in the electrical breakdown of the reverse biased diodes.
IV. CONCLUSIONS
In this contribution we have presented the results of growth, processing, structural, and optical characterizations of Si:Er/O waveguide LEDs and discussed the influence of 980 nm laser irradiation on the 1.54 m EL. The layer structures were optimized based on mode confinement simulations and successfully grown on SOI substrates using the growth technique of MBE. The devices operated in the reverse breakdown region show strong room temperature EL intensity of 1.54 m both from surface and edge. Measurements of the 1.54 m EL versus temperature, covering a range from room temperature down to −160°C, exhibit abnormal temperature quenching, with a peak near −30°C, and at −160°C it has decreased by a factor of 5. To investigate ways of increasing the EL intensity, measurements with 980 nm laser radiation incident on these devices have been performed. The exposure of the devices to the 980 nm laser counteracts the low temperature quenching of the 1.54 m EL, while there is no contribution to the light emission from photoluminescence. A significant enhancement ͑more than 150%͒ of the quenched 1.54 m EL intensity at low temperatures ͑−200°C͒ was observed when the devices were exposed to the 980 nm laser. The recovery of the quenched EL of these devices at different temperatures due to the 980 nm laser exposure is attributed to the changes in the electrical breakdown. Due to the generation of photocur-rent, the contribution of detrimental avalanche current is reduced and an enhancement of the 1.54 m EL even at very small voltages ͑ϳ2V͒, less than the reverse breakdown voltage, is obtained.
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